To investigate the conservation of mechanisms for mesodermal patterning between zebrafish and Xenopus, we isolated two cDNA clones encoding bone morphogenetic protein (BMP)-related proteins from a zebrafish cDNA library. Based on their predicted amino acid sequences, these two clones were designated as zbmp-2 and zbmp-4. Whole-mount in situ hybridization analysis revealed that in gastrula embryo, both genes were localized in the ventral part of the embryo, consistent with the proposed function of Xenopus BMP-4 in ventral mesoderm specification. zbmp-4 expression, however, was also seen in the embryonic shield, the most dorsal mesodermal structure. To examine the ability of zbmp-2 to ventralize mesoderm, we injected synthetic mRNA into zebrafish embryos and found that overexpression of this gene eliminated dorsal structures including notochord at both morphological and molecular level. In contrast, expression of ventral marker gene eve1 was expanded to the dorsal side. These effects are analogous to the ventralization of embryos caused by ectopic xBMP-4 expression. Taken together, one may conclude that the developmental mechanisms for mesodermal patterning regulated by BMPs are evolutionarily conserved between amphibians and teleosts. 0 1997 Elsevier Science Ireland Ltd. All rights reserved
Introduction
During early vertebrate embryogenesis, dorso-ventral and antero-posterior patterning of the three germ layers are crucial steps for morphogenesis.
Over the past several decades, developmental biologists have aimed to identify the molecules controlling pattern formation mainly through use of the African clawed frog, Xenopus laevis.
As a result, some secreted molecules, belonging to the transforming growth factor-p (TGF-/3) superfamily, Wnt family and fibroblast growth factor (FGF) family, have been shown to play important roles in these events (see Sive, 1993; Kessler and Melton, 1994; Slack, 1994; Doniach, 1995 for reviews) .
The zebrafish is a model animal which has recently become popular due to its accessibility by genetic and embryological approaches. Although zebrafish are vertebrates like Xenopus, their early developmental processes appear to be quite different. For example, in contrast to early Xenopus development in which holoblastic cleavage occurs, in zebrafish, the cleaving cells are laid on yolk mass during the early stages (discoidal cleavage). Moreover, the most outstanding feature of zebrafish development is the vigorous movement of blastoderm cells. Before gastrulation, blastoderm cells overlying yolk mass are pushed and intercalated by the bulging yolk mass toward the animal pole (cell mixing) and subsequently move toward the vegetal pole to cover the yolk mass (epiboly). Kimmel et al. (1990) established the fate map of gastrula zebrafish embryos by injecting lineage tracer dye into blastomeres and demonstrated that the differences in early morphology between Xenopus and zebrafish can be attributed to the differences in their yolk position; thus, the fundamental mechanisms underlying their pattern formation may be the same. We therefore decided to investigate the conservation of molecular mechanisms by focusing on dorso-ventral patterning of mesoderm. We first attempted to analyze the function of zebrafish bone morphogenetic proteins (BMPs), which are members of the TGF-/3 superfamily and known to play an important role in Xenopus mesoderm formation. In parti-76 M. Nikaido el al. /Mechanisms of Development 61 (1997) [75] [76] [77] [78] [79] [80] [81] [82] [83] [84] [85] [86] [87] [88] cular, the role of Xenopus BMP-4 (xBMP-4) in ventroposteriorization of mesoderm (Dale et al., 1992; Fainsod et al., 1994; Schmidt et al., 1995) has been extensively studied, and other members of the TGF-fl superfamily such as activin and Vgl are also known to act as dorsal mesoderm-inducing factors. The ventral localization pattern of xbmp-4 during gastrula (Fainsod et al., 1994; Hemmati-Brivanlou and Thomsen, 1995) is consistent with its role as a ventralizing factor. The ventralizing activity of BMP Iigands was further confirmed by overexpression of a dominant negative form of BMP receptor in ventral blastomeres, which eliminated ventral mesoderm formation and led to ectopic dorsal mesoderm formation (Graff et al., 1994; Suzuki et al., 1994) . More recently, it has been suggested that BMP may be an endogenous factor essential for maintenance of the epidermal fate of animal cap cells which otherwise give rise to neural tissue (Hawley et al., 1995; Wilson and Hemmati-Brivanlou, 1995) . These results suggest that BMP is a key regulator not only of mesoderm, but also in ectoderm differentiation. Therefore, we decided to isolate a functional homolog of xBMP-4 in zebrafish for use as a probe to investigate the role of BMPs in more detail taking advantage of the zebrafish system.
In this study, we isolated and characterized BMP cDNAs from zebrafish. Based upon the spatio-temporal expression patterns and functional analysis by overexpression of the zBMP ligand, our results strongly suggest that BMP also plays a key role in mesoderm patterning in zebrafish and that the function is fairly conserved between amphibian and teleost though their developmental processes appear to be quite different.
Results

Isolation and characterization of zbmp-2 and zbmp-4 cDNAs
In search for zebrafish homologs of Xenopus BMPs, we screened a gastrula cDNA library under low stringency conditions with a 419 base pairs (bp) PstI-AccI fragment of Xbr22 (Nishimatsu et al., 1992) encoding the mature region of xBMP-2. This screening resulted in the isolation of two BMP-related clones, zbmp2-7 and zbmp2-16 (see Section 4). Sequencing of the cDNAs revealed that they encode proteins highly similar to vertebrate BMP-2 and -4. Fig. lA,B shows alignment of the carboxyl terminal regions of zBMP2-7 and zBMP2-16 with those of BMP-2 and -4 from various species, such as human (Wozney et al., 1988) , mouse (Feng et al., unpublished 1993; Kurihara et al., 1993) , and Xenopus (Nishimatsu et al., 1992) . BMP-2 and -4 share a conserved sequence motif believed to be involved in processing, RXKR. These four residues, which serve as a potential enzymatic cleavage site for furin-like enzymes, were found to be conserved in both B, underlined) . When the following sequences, that is their predicted mature regions, are compared, they are very homologous each other (81% identical, Fig. 1C ). But the results of comparison shown in Fig. 1C indicate that zBMP2-7 was more closely related to BMP4 than BMP-2 and that zBMP2-16 was to BMP-2. Therefore, we redesignated zbmp2-7 and zbmp2-16 as zbmp-4 and zbmp-2, respectively.
Moreover, to distinguish the two clone more clearly, we examined the sequence identity between pre-pro-region of zBMPs and that of other vertebrate BMPs (Fig. 1D ). As shown in Fig. lD, there was approximately 55% identity between zebrafish and human pre-pro-region of BMP-2 and zebrafish pre-proregion of BMP-2 shared only 48% identity with human pre-pro-region of BMP-4. On the other hand, the zBMP-4 is 62% identical to human BMP4, whereas it shares lower identity (50%) with the human BMP-2 in their pre-pro-region.
These data also reinforce the idea that zBMP2-7 and zBMP2-16 are homolog of BMP4 and BMP-2 of other vertebrates, respectively.
Temporal expression of zbmp-2 and zbmp-4
Northern blot analysis using total RNA from embryos of different stages (Fig. 2) indicated the absence of both zbmp-2 and zbmp-4 transcripts from oocytes. An intense signal for zbmp-2 becomes detectable at blastula stages, is maintained during gastrulation and gradually decreases during the segmentation period. Interestingly, after the 20-somite stage, transcripts begin once again to accumulate. This expression pattern suggests that zBMP-2 may be involved in both early patterning of embryo and later in organogenesis. Whole-mount in situ hybridization further supported this possibility by revealing zbmp-2 expression in developing organ anlagen as described below. Similarly, zbmp-4 signals showed a biphasic expression pattern. However, the level of zbmp-4 transcripts at the onset of expression was significantly lower than that of zbmp-2.
Spatial expression of zbmp-2 and zbmp-4 in blastula and gastrula
In order to examine the distribution of their transcripts during early embryogenesis, we performed whole-mount in situ hybridization with digoxigenin-labeled RNA probes corresponding to full length zbmp-2 or zbmp-4 cDNAs. Despite the high homology in the amino acid sequences of zBMP-2 and zBMP-4, no cross-hybridization was observed. As demonstrated by Northern blot analysis, no maternal transcripts of zbmp-2 or zbmp-4 were found. At the sphere stage (4 h post-fertilization, hpf), zbmp-2 transcripts can be initially detected about 1 h earlier than zbmp-4. At this stage, embryos are spherical in shape and the blastoderm is radially symmetrical around the animalvegetal axis. Reflecting this morphological uniformity, zbmp-2 is ubiquitously expressed throughout the blasto- , previously referred to as zBMP2-16 and zBMP2-7, respectively, with human (hBMP: Wozney et al., 1988) , mouse (m. BMP-2: Feng et al., unpublished 1993 ; the sequence accession number is L25602, mBMP-4: Kurihara et al., 1993) and Xenopus (xBMP: Nishimatsu et al., 1992) BMPs. Sequences are aligned and gaps are introduced to achieve maximum matching with each other. Deduced cleavage sequences are underlined and potential N-linked glycosylation sites are typed in hold letters. The seven conserved cysteine residues are marked with asterisks. Note that some distinctive ammo acid residues for BMP-2 or BMP-4 in amino-terminal region of predicted mature proteins (the following regions of underlined four residues) are also found in zBMPs. (C,D) Percent ammo acid sequence identity between predicted mature regions (C) and prepro-regions (D). These results also showed that zBMP2-16 and zBMP2-7 were homologous to other vertebrate BMP-2 and BMP-4. respectively. The percent amino acid identity was calculated using GENETYX-MAC software. derm (data not shown). As development progresses, the yolk cells bulge toward the animal pole, but morphological asymmetry is not observed. By the dome stage (4.3 hpf), zbmp-2 transcripts disappear from the presumptive dorsal part of blastoderm margin (arrowhead in Fig. 3A ). Disappearance of zbmp-2 from the dorsal margin suggests that molecular asymmetry is detectable prior to appearance of the morphological asymmetry. At the same stage, localized zygotic goosecoid expression, which marks the future dorsal region, appears within the blastoderm margin Schulte-Merker et al., 1994) , indicating that dorso-ventral polarity has been established by this stage. Therefore, it is possible that yet unidentified dorsalizing signal(s), which down-regulate zbmp-2 expression, exist before this stage (see Section 3). After 5 hpf, at 50% epiboly, zbmp-4 transcripts become detectable (data not shown).
BMP-
The onset of gastrulation is marked by the formation of the embryonic shield (6 hpf), the dorsal thickness of the embryo corresponding to Spemann's organizer in amphibian (Driever, 1995 and references therein) . At this time, both zbmp-2 and zbmp-4 transcripts show strong localization to the ventral part of the embryo (Fig. 3C ,D and 4C,D). zbmp-2 expression in the margin of blastoderm, which will form mesoderm, extends to the ventral and lateral regions, and the region lacking zbmp-2 expression is restricted to the dorsal portion. This zbmp-2 mRNA-free domain is or includes the embryonic shield (arrowhead in Fig. 3C ). Soon after the formation of the embryonic shield, the dorsal part of the margin also begins to express zbmp-2 (data not shown). In contrast, in the early gastrula, zbmp-4 mRNA signals are detectable not only in the ventral side of the embryo but also in the inner cells of the embryonic shield (arrowheads in Fig. 4C,D) . Moreover, the ventral expressing region of zbmp-4 is wider than that of zbmp-2 and zbmp4 expression pattern did not seem to be correlated to the gastrula fate map like zbmp-2 (see Section 3). As epiboly proceeds, the ventral expression domain of zbmp-2 expands to cover the vegetal pole and its dorsal boundary in the animal pole region moves ventrally (Fig.  3E,F, 80% epiboly) . zbmp-2 signals in the most dorsal margin, which start to be detectable after shield formation, persist (Fig. 3F) . The zbmp-4 expression pattern also showed a temporal change during gastrulation.
The zbmp-l-expressing cells within the embryonic shield move to animal pole as invagination proceeds (arrowheads in Fig. 4E,F) . Faint signals are observed in axial mesoderm following the leading edge of gastrulation, but are barely detectable in photographs (Fig. 4E,F) .
Spatial expression of zbmp-2 and zbmp-4 in 26 hpf embryos
According to studies in mice, chick and Xenopus, the bmp genes are expressed in organ anlagen during organogenesis, such as optic vesicle, otic vesicle, heart anlage, dental epithelium and chick limb (Jones et al., 1991; Vainio et al., 1993; Fainsod et al., 1994; Francis et al., 1994; Clement et al., 1995) . Therefore, it is presumed that BMPs act as important signaling molecules for organ formation. In zebrafish, by Northern blot analysis (Fig. 2) , strong expression of zbmp-2 and zbmp-4 after the segmentation stage can be seen, in addition to the gastrulation stages. To determine which organ anlagen express bmps, we checked the localization of transcripts of both genes in 26 hpf embryos by whole-mount in situ hybridization. At this stage, after formation of major organ anlagen, zbmp-2 and zbmp-4 transcripts can be found in some sensory organs, heart and fins. Both were expressed in the eye, otic vesicle and caudal fin (Fig. 5A,D) . In addition, transcripts of zbmp-4 were also detected in the olfactory placode, heart and pectoral fin primordia (Fig. 5D ). Transverse sections through the eye, pectoral and caudal fins are shown in Fig. SB ,C,E,F. In the eye, it is interesting that expression of both genes are localized to the dorsal side of the retina (arrowheads in Fig. 5B and data not shown for zbmp-4). Radar, another gene encoding a TGF-P-related protein, is known to show a similar localized expression in dorsal retina (Rissi et al., 1995) . In the fin, Fig. SC ,E,F, the zbmps are expressed, not in the epithelial region, but in inner cells which represent mesenchyme (arrowheads in Fig. SC,E,F) .
The overexpression of zbmp-2 causes elimination of dorsal structures
During gastrulation, zbmp-2 transcripts strongly localize to predicted epidermal ectoderm and mesodermal regions but not to the organizer (Fig. 3C-F) . Since overexpression of xbmp-4 gene, which shows a similar expression pattern to that of zbmp-2, causes ventralization of Xenopus embryos (Dale et al., 1992; Fainsod et al., 1994; Schmidt et al., 1995) , we tried the same experiment in zebrafish embryos using synthetic zbmp-2 mRNA. If zbmp-2 is involved in formation of ventral mesoderm of embryos like xbmp-4, it should be expected to elicit the same effect, namely, ventralization of the embryo. To obtain equal distribution of the mRNA in the embryo, we injected zbmp-2 synthetic mRNA into both blastomeres of twocell embryos and let them develop until their uninjected siblings reached tailbud stage (10 hpf, early neurula). Fig.  6D -I shows the phenotypes of zbmp-2 mRNA injected embryos, which varied from embryo to embryo (Fig.  6D-F shows a weak defect embryo and Fig. 6G-I shows a severe one), but a typical defect found in all affected embryos was lack of dorsal structures, particularly notochord. Notochord, the most dorsal structure derived from embryonic shield and which exists along the dorsal midline of control GFP-injected embryos at the tailbud stage (arrowheads in Fig. 6B ), was absent in injected embryos (Fig. 6E,H) . Transversal sections of these embryos (Fig. 6C,F,I ) show the same result more clearly. In zbmp-2 mRNA-injected embryos, unsubdividing hypoblast was observed along antero-posterior axis (Fig. 6F) . And in severe defect embryos (Fig. 61) , invagination was almost inhibited and hypoblast was not formed completely. Furthermore, neural keel, also a dorsal tissue (nk in Fig. 6A ), was reduced (Fig. 6D) or eliminated (Fig.  6G ) in these notochord-less embryos. However, because dorsal mesodermal tissue is believed to be essential for neural induction, it is not clear whether this reduction in neural keel is a direct effect of ectopic zBMP-2 or a secondary effect due to the absence of dorsal mesoderm. We classified the injected embryos based on the absence or presence of normal notochord and determined the ratio of notochord-less embryos among the injected embryos. As shown in Table 1 , about 70% of injected embryos lacked notochord and these defects appear homologous to those seen in xbmp-4 mRNA-induced ventralized embryos. To understand the molecular basis of these defects, we examined the expression of marker genes such as goosecoid (gsc), no tail (ntl) and evel. Both gsc and ntl were used as dorsal mesodermal markers; gsc gene expression in advancing edge of invagination defines prechordal mesoderm and ntl gene indicates chordamesoderm (Schulte-Merker et al., 1992) . The expression domains of these two genes cover most of the dorsal mesoderm. eve1 (Joly et al., 1993 ) was used as a ventrolateral marker. Affected embryos were subjected to whole-mount in situ hybridization with antisense probes of these genes at appropriate stages. The results were consistent with the observed morphological defects. Namely, at tailbud stage the axial mesoderm expression of ntl and gsc in control embryo (Fig. 7A ,D, respectively) were reduced ( Fig. 7B ,E) or eliminated (Fig. 7C,F) . Interestingly, although the axial expression of ntl in affected embryos was markedly reduced, ntl expression in the tailbud seemed to be enhanced and expanded to animal pole (Fig. 7C) . In Xenopus, it has been demonstrated that Xbru expression is expanded into the animal hemisphere by overexpression of xBMP-4 and was thought to be due to the mesoderm-inducing activity of xBMP-4 (Schmidt et al., 1995) . If the same regulatory mechanism for bra by BMP exists in zebrafish, it suggests that zebrafish ntl may be enhanced in the germ ring by ectopic zBMP-2. Moreover, evel, whose expression is normally restricted to ventro-lateral region in control embryo at 6 hpf ( Fig. 7G) , was expanded to dorsal side (Fig. 7H) , reflecting respecification of dorsal mesoderm to ventral mesoderm. These phenotypes suggested that similar to xBMP-4, zBMP-2 acts as a ventralizing factor. In this study, we also injected zbmp-4 mRNA and found the similar morphological defects; notochord was not formed and neural keel was reduced (12 out of 21 injected embryos, data not shown).
Discussion
I. BMP function in mesodermal patterning is conserved in zebrafish
Our goal was to investigate whether a functional homolog of xBMP-4, involved in the regulation of dorsoventral mesodennal patterning, exists in zebrafish. For this purpose, we screened a zebrafish cDNA library and isolated two clones encoding BMP-related proteins, zbmp-2 and zbmp-4. Since it is well established that xbmp-4 plays a major role in ventral mesoderm specification during early Xenopus embryogenesis, we tested whether our zebrafish clones might share such a function. Analysis of the spatiotemporal expression by whole-mount in situ hybridization revealed that in gastrula embryos, both zbmp-2 and zbmp-4 were expressed in ventral part of the embryo. This expression pattern is consistent with the expected function as a homolog of xBMP-4. Especially, zbmp-2 expression was seen in gastrula embryos in the presumptive mesoderm region exclusive of the embryonic shield. This restricted expression pattern corresponds better with that of xbmp-4, because zbmp-4 was also expressed in the dorsalmost mesoderm, the embryonic shield. Together, it seems therefore more likely that zbmp-2 may be the functional homolog of xbmp4 rather than zbmp-4. Although we do not know about significance of the zBMP-4, it is tempting to speculate that zBMP-4 might have a similar role to ADMP, a recently identified anti-dorsalizing factor which is proposed to moderate organizer activity (Moos et al., 1995) .
Furthermore, comparison of zbmp-2 expression pattern with the fate map (Kimmel et al., 1990) revealed that the ;bmp-2-positive region seems complementary with neuroectoderm, which is also comparable to what has been described for xbmp-4 (Hemmati-Brivanlou and Thomsen, 1995) as well as DrosophiZa bmp (dpp). It is believed that xbmp4 (dpp)-expressing cells in non-neural ectoderm inhibit neural differentiation of ectodermal cells in an autonomous and/or non-autonomous manner through induction of epidermis (Hawley et al., 1995; Wilson and Hemmati-Brivanlou, 1995) . Therefore, the expression pattern of zbmp-2 supports the idea that it may act as neural inhibitor in a manner similar to xBMP-4 and Dpp, proposing a unified model for an essential role of BMP in the definition of the boundary between non-neural and neural ectoderm .
To further confirm the role of zbmp in mesodermal patterning, we performed overexpression experiments. In Xenopus, such gain-of-function experiments are often used to investigate the in vivo role of polypeptide growth factors. For example, overexpression of BMP resulting in lack of dorsal mesoderm predicted the importance of BMPs in ventral mesoderm formation (Jones et al., 1992; Fainsod et al., 1994; Schmidt et al., 1995) . In these experiments, not only morphological criteria (e.g. DAl, dorso anterior index, Kao and Elinson, 1988) but also molecular markers were examined to assess the extent of ventralization; dorsal mesoderm marker genes, such as gsc, were repressed by ectopic xbmp-4. In the present study, we have successfully demonstrated that ectopic zBMP-2 also suppresses zebrafish gsc and ntl and that zbmp-2 could cause ventralization of Xenopus embryos to the level of DA1 < 2 (data not shown) when injected into dorsal blastomeres. Based on these results, we propose the existence of a BMP pathway in mesoderm patterning which is conserved between Xenopus and zebrafish.
Regulation of zbmp-2 expression in mesoderm and ectodenn
Expression of zbmp-2 in blastoderm is first detectable in blastula embryos but no localization is observed initially. However, the expression domain becomes gradually restricted from the future dorsal region during blastula stage (Fig. 3A) and localization of zbmp-2 mRNA to the ventral region of the embryo is observed (Fig. 3C,D) . It is intriguing to try to understand how the zbmp-2 gene is down-regulated in the dorsal-most region of the embryo. In Xenopus, the molecular basis for xbmp4 gene regulation is better understood. xbmp-4 transcripts are also uniformly detected throughout the embryo before localization to ventral region occurs (Dale et al., 1992) . In the marginal zone, down-regulation of xbmp4 is thought to be controlled by a dorsalizing signal from the future organizer region. According to recent studies, Noggin is a good candidate for such a factor. Noggin is a putative diffusible factor and its zygotic mRNA is first detected in the dorsal side of the embryo at the late blastula stage before the organizer is formed (Smith and Harland, 1992) . Moreover, it is known that Noggin can repress native xbmp-4 expression in ventral marginal zone in a dose-dependent manner (Re'em-Kalma et al., 1995) . Therefore, if the regulatory mechanisms involved in zbmp-2 expression are also conserved, Noggin would be the best candidate for a putative factor derived from the dorsal part to repress zbmp-2 expression in mesoderm.
As described in this paper, the zbmp-2 expression pattern in ectoderm provided an insight into the role of zBMP-2 as a inhibitor of neural differentiation.
If this is indeed the case, there should be a molecule(s) which represses the function and/or expression of BMP in ectoderm to direct the fate of non-BMP-expressing ectoderm to neural tissues. The BMP-suppressing molecule(s) is predicted to derive from the organizer and such a molecule may be the neural inducer. Knowledge derived from studies in Xenopus or Drosophila is helpful in speculating what the molecule is. For example, in Xenopus, Noggin has been shown to be a neural inducer independent of mesoderm induction (Lamb et al., 1993) and Noggin can repress xbmp-4 expression in ventral marginal zone (discussed above). Therefore, it may be that Noggin represses xbmp-4 expression in ectoderm through a planar or vertical pathway, although this has not yet been proven to be the case. Moreover, Noggin protein has recently been shown to associate directly with BMP and, in Drosophila, to block amnioserosa formation induced by ectopic dpp expression but not by constitutively active f:Y, a dpp receptor, suggesting that Noggin suppresses BMP activity by preventing BMP from binding to its receptor (Holley et al., 1996; Zimmerman et al., 1996) . In addition, Xenopus chordin (chd), which was discovered as a diffusible factor induced by gsc (Sasai et al., 1994) , is also a good candidate as a suppressor of BMP. chd is a functional homolog of Drosophila short gastrulation (sog) (FranGois and Bier, 1995; Holley et al., 1995) and genetic evidence suggests that sog antagonizes dpp in Drosophila (Ferguson and Anderson, 1992) . In Xenopus, chd transcripts are first detected in the future organizer region and thereafter continuously present in involuting mesoderm. Overexpression of chd in Xenopus embryos further demonstrated that it can antagonize the effect of xBMP-4, leading to neural differentiation . Interestingly, recent studies showed that Chd protein can inhibit BMP signaling by binding directly to mature BMP protein (Piccolo et al., 1996) . But it is also not yet known whether Chordin can also a repress gene expression of xbmp-4 at the transcriptional level. The identification of noggin or chordin gene in zebrafish has not been reported, but it will be intriguing to see their expression pattern.
Our study has demonstrated that a conserved mechanism for the regulation of mesoderm patterning by BMP can be extended to teleosts. Since zebrafish is one of the few vertebrates in which genetic approaches can be applied, it should stand as an efficient model system for investigating the molecular mechanisms involving BMP during early vertebrate development.
Experimental procedures
Animals
Fish used in these experiments were bred from a founder population kindly provided from Hiroyuki Takeda (Nagoya University, Japan). Adults were maintained at 28.5"C on a 14 h light/l0 h dark light cycle. Embryos were obtained by natural spawning after the initiation of the light cycle and cultured at 28.5"C in one-third zebrafish Ringer solution (Takeda et al., 1994) for mRNA injection or sampling. Developmental stages were in accordance with The Zebrafish Book (Kimmel et al., 1994) .
Isolation of zbmp-2 and zbmp-4 cDNA clones
Approximately 5 x lo5 recombinant phages from a zebrafish gastrula cDNA library (Helde and Grunwald, 1993) were screened under low stringency conditions with a PstIAccI fragment (419 bp) of Xbr22 (xbmp-2), which corresponds to the mature region of the predicted protein (Nishimatsu et al., 1992) . After restriction mapping and DNA sequencing analyses of selected positive clones, three distinct clones, zbmp2-2, zbmp2-7 and zbmp2-16, were identified. Amino acid sequence of the predicted protein encoded by zbmp2-16 was found to be most simi-lar to vertebrate BMP-2 so we named it zbmp-2. zbmp2-2 encoded a protein identical to zebrafish Vgl (Helde and Grunwald, 1993) and zbmp2-7 was found to encode a partial protein. To obtain a complete coding region of zbmp2-7, polyadenylated RNA prepared from 9 hpf embryos was reverse-transcribed with an oligo-nucleotide primer, 5'-AGAGGATGCACGGAGCGACTTACAC, using a S-RACE kit (Clontech). The cDNA product was amplified with an oligonucleotide primer, 5'-GGCGTCATCTATTTGTTGCCTGTAG, and an anchor primer supplied from the kit. The PCR products were subjected to DNA sequencing. The longest clone covered the S-terminal portion of zbmp2-7. To obtain a full length cDNA, EcoRI-AccI fragment of the amplified sequence and an AccI-KpnI fragment of zbmp2-7 were ligated. The resulting clone revealed a single open reading frame. After deducing its amino acid sequence, we designated it zbmp-4 based on the homology to vertebrate BMP-4.
Northern blot analysis
Ten pg of denatured total RNA was electrophoresed and blotted onto BiodyneB membrane (Pole). Duplicated membranes were hybridized at 60°C overnight with 32P-labeled probes corresponding to the pro-regions of zBMP-2 and zBMP-4 proteins. The filters were washed, exposed to an imaging plate and analyzed by Image Analyzer BAS-2000 (Fuji film). The membrane was rehybridized with a zebrafish Vgl probe, which corresponds to pro-region of this protein.
Whole-mount in situ hybridization
To analyze the localization of zbmp mRNAs, wholemount in situ hybridization was performed. Embryos were fixed in 4% paraformaldehyde in phosphate-buffered saline (PBS) overnight at 4°C. Chorions were removed and embryos were stored in methanol at -20°C. Before prehybridization, embryos were rehydrated in 75%, 50% and 25% methanol/PBS series for 5 min and washed three times in PTw (PBS, 0.1% Tween 20); Proteinase K (3 pg/ml) digestion was carried out for 10 min for 26 hpf embryos but omitted for blastula and gastrula embryos. Digested embryos were washed twice in PTw for 5 min each and subjected to refixation in 4% paraformaldehyde/ PBS at room temperature for 20 min before proceeding to the next step; for undigested embryos this washing step was omitted. After fixation, embryos were washed twice in PTw for 5 min each and prehybridized for 3 h at 60°C (prehybridization buffer; 50% deionized formamide, 5 x SSC pH 6.0, 100 pg/ml heparin, 0.1% Tween 20, 100 pg/ ml yeast tRNA, 0.1% CHAPS and 1 x Denhardt's). The prehybridization buffer was replaced by fresh hybridization buffer containing digoxigenin-labeled RNA probe and incubated overnight at 60°C. After hybridization, embryos were washed successively at 60°C for 10 min each with 50% formamide, 5 x SSC; 50% formamide, 2 x SSC; 25% formamide, 2 x SSC; 2 x SSC; and twice for 30 min each with 0.2 x SSC, then rinsed in maleic acid buffer (100 mM maleic acid, 150 mM NaCl, pH 7.5). Boiled RNase A (20 Fgfml) and 100 U/ml RNase Tl were used to remove unhybridized zbmp-2 probes (Schulte-Merker, 1994). To block binding of non-specific antibodies, embryos were incubated with shaking for 1 h at room temperature in blocking solution (5% blocking reagent (Boehringer), 5% lamb serum, 100 mM maleic acid, 150 mM NaCl, pH 7.5). Anti-digoxigenin antibody was diluted 1:4000 in blocking solution containing embryonic extract and preadsorbed with shaking at 4°C. The blocking solution was replaced by preadsorbed antibody solution and immunoreaction was carried out overnight at 4°C. Excess antibody was removed by washing four times in maleic acid buffer for 30 min each followed by three 5 min washes in staining buffer (100 mM Tris-HCl pH 9.5, 100 mM NaCl, 50 mM MgCIP, 0.1% Tween 20 and 1 mM levamisole). Staining buffer was replaced with BM purple (Boehringer) and embryos were stained until moderate signals were obtained. For goosecoid, the probe used corresponded to a 28 1 bp PvuII fragment. Other probes for zbmp-2, zbmp-4, no tail and eve1 were hydrolyzed products of antisense RNAs spanning their complete cDNAs.
RNA injections
An 1485 bp BamHI-KpnI fragment containing the entire coding region of zbmp-2 was subcloned into a modified pSP64T vector (Krieg and Melton, 1984) , containing 5' and 3' untranslated Xenopus /3-globin sequences. Synthetic mRNA transcribed from this vector has been shown to be effective for injection in zebrafish embryos (Krauss et al., 1993; Barth and Wilson, 1995) . Translation of green Auorescent protein (GFP) mRNA transcribed from the same vector (a gift from M. Chalfie) was confirmed by fluorescence. Capped mRNA (approximately 0.1 pg/ml) was injected into both blastomeres of two-cell stage embryos at 50 pg per blastomere. Injected embryos were allowed to develop at 28.5"C in one-third zebrafish Ringer solution and fixed after a period in which their uninjected siblings reached appropriate stages to examine expression of various marker genes.
